Monthly means of three geomagnetic components (X -northern, Y -eastern and Z -vertical downward) from 154 observatories over the interval have been analysed to determine the annual and semi-annual variations. The method applied is a multi-taper analysis, which gives a robust estimate of the power spectral density of the temporal variation of the field components. The main objective is to investigate the geographic dependence of the annual and semi-annual variations. Surprisingly, these variations in the vertical downward component are not homogeneously distributed all over the globe, having mainly a longitudinal dependency. The results of the analysis are briefly discussed with regard to possible mechanisms responsible for these variations and to mantle conductivity.
Introduction
The Earth's magnetic field exhibits short and long term variations, ranging from seconds to many millions of years. Observations of the geomagnetic field allow separation of these temporal variations into two main categories, depending on their origin: external and internal, with respect to the terrestrial surface. Variations on short time scales are usually attributed to the external sources, because the conductive mantle screens out high frequency variations arising in the core. The variability of the external field variation, in fact the geomagnetic activity, is due to the response of the Earth's ionosphere and magnetosphere to the solar activity, variation of the solar wind speed and fluctuation of the interplanetary magnetic field.
In particular, the annual and semi-annual variations in geomagnetic activity have been much studied over decades (Russell and McPherron, 1973; Clúa de Gonzalez et al., 1993) . Local magnetic observations show an annual variation of the geomagnetic activity, such as storms, substorms and auroras, which have been related to the annual change in solar illumination (Courtillot and LeMouël, 1988 ) and a variation of solar wind speed due to the change of the heliographic latitude of the Earth (Bolton, 1990; Zieger and Mursula, 1998) . The annual variation was also found in the long-term occurrence of auroras (Silverman and Shapiro, 1983) . Recently, Le Mouël et al. (2004) investigated the annual and semi-annual variations of geomagnetic activity, with a special interest in phase and amplitude, and also some possible mechanisms for the observed geographical variability.
In a series of papers (Malin and Isikara, 1976; Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. Winch, 1996; Malin et al., 1999) the mechanism for the annual variation of the geomagnetic field was outlined. This variation divides into two parts: an annual non-ionospheric and an independent part resulting from the seasonal modulation of Sq. The non-ionospheric term is related to the movement of the ring current towards the winter hemisphere due to the presence of the solar wind. The geometry of the annual variation is that of a P 0 2 term. The semi-annual variation of the geomagnetic field and that of the geomagnetic activity have extrema near the equinoxes suggesting a common origin (Malin et al., 1999; Balan et al., 2000) . The semi-annual variation is due to changes in the intensity of the ring current, as a consequence of the so-called Russell-McPherron effect (Russell and McPherron, 1973) , where the magnetosphere is more efficient at trapping particles at certain times (twice the year), because of the favourable geometry of the solar wind and magnetosphere. In global modelling the semi-annual variation is confined to the principal P 0 1 term (Banks, 1969) . In this paper, we focus on the annual and semi-annual variations observed in the monthly means of the X (northward), Y (eastward) and Z (vertical downward) components of the geomagnetic field. The temporal variation of these components is the sum of the secular variation, the induced fields by external field variations, and geomagnetic activity variations.
The purpose of the present study is two-fold. Firstly, to conduct a detailed global time series analysis of observatory monthly means with a recently developed method for time series analysis (Ghil et al., 2002) . The multi-taper method (MTM) for estimation of the spectral density function (SDF) of time series is applied to a recently up-dated monthly mean data. Secondly, to investigate the possible correlation between the regional preference of the annual and semi-annual periods in of the Earth's magnetic field components with some other geophysical properties, such as the global distribution of the electrical conductivity of the mantle.
Data
The present study has been performed on magnetic observatory monthly means (defined as the average over all days of the month and all sample of each day) obtained from the recently up-dated database 1 , from the most recent INTER-MAGNET data 2 and from the World Data Center Copenhagen 3 . The main criterion in data selection was the length and continuity of time series of the X , Y and Z components. We examined observatory data within the period from 1960 to 2002 and restricted the analysis to continuous time series (no gaps allowed) of at least eight years length. Following this initial selection, all time series were checked for consistency between the annual means computed from these monthly means and those sent by the observatories to the World Data Center Edinburgh 4 , in order to derive reliable results.
For the present analysis, the data of 154 observatories have been analysed. Let us emphasise that no assumption was made on the secular variation of the magnetic field measurements, and no spectral filtering was applied to time series.
Data Analysis
A variety of spectral analysis techniques have been widely employed in the analysis of geophysical processes (Brillinger, 1981) . More sophisticated methods have recently been developed which make more realistic assumptions on the irregular oscillatory behaviour (i.e., noise) expected in climate signals. Among these techniques, the multi-taper method (MTM) for estimating the spectral density function (SDF) of time series is one of the most promising.
The multi-taper method
The MTM makes use of a multiple orthogonal data taper to describe structures in time series that are modulated in frequency and amplitude. This method provides a spectral estimate with an optimal trade-off between spectral resolution and variance.
Conversely, the standard approach has been to multiply a time series by a data taper (data window such as Hanning, Blackman, Parzen, etc.) which arises when performing a discrete Fourier transform (DFT) to reduce the spectral leakage (see Percival and Walden, 1993 for details on tapering). The use of a single taper leads to large variances of the estimates of the SDF. Thomson (1982) introduced the use of multiple orthogonal tapers to avoid this problem and to minimise the spectral leakage. The optimal tapers are defined as the eigenvectors of a minimisation problem (Slepian, 1978; Thomson, 1982) .
In this study, we closely follow the procedure of Thomson (1982) and Mann and Lees (1996) . For a given discrete time series F(n) representing the geomagnetic obser-vatory monthly means, we determine a group of independent
where N is the number of data, t the sampling interval and a k (n) is the k-th member of a set of K orthogonal Slepian tapers (see below). From Eq. (1), the multi-taper power spectrum is constructed as
λ k measures the fractional leakage associated with the k th data taper (see Percival and Walden (1993) for details). The choice of K represents a trade off between the variance of the spectral estimate and the spectral resolution. The Slepian tapers are determined by a variation condition to minimise the spectral leakage outside the band ± p N t about a given frequency f . It follows that the spectral resolution is given by
Only the first K = 2 p − 1 tapers are usefully resistant to spectral leakage (Thomson, 1982; Mann and Lees, 1996) . Shorter time series require smaller values of p to achieve the desired frequency resolution. In this study, we use p = 1 for short time series, less than 20 years, and p = 2 for those longer than 20 years, with K = 2 p −1 the number of tapers.
Statistical confidence
Discriminating statistics are essential in geophysical studies, where the nature of the temporal variation is complex. We have utilised a pure line test as given by Mann and Lees (1996) to verify the significance of spectral features against the null hypothesis of a red noise background. Contrary to a white noise process, with no correlation between single observations, red noise contains some long term correlations, such as a linear trend. Therefore the red noise hypothesis is a reasonable description of the slowly varying geomagnetic continuum, e.g. secular variation. Significance levels are computed from the quantiles of a chisquared distribution, assuming that the spectrum has degrees of freedom ν ≈ 2K . For our analysis we disregard spectral features below 99% significance. Figure 1 shows spectra for X , Y , Z components in geodetic coordinates computed for an observatory. These plots clearly indicate the existence of the annual and semi-annual variations. For some observatories (e.g., GDH) the two peaks are seen in all three components whereas for some others (e.g., HER) these peaks are more clear in one of the horizontal components. Since the behaviour of the peaks differs component to component and at observatories with similar latitude but different longitude, we decided to apply the same analysis to the field components transformed into the geomagnetic coordinates using the technique by Langel (1984) . Any existing longitudinal dependence in activity variations of the horizontal components due to the tilt between geodetic frame and the source field geometries of the annual and semi-annual variation should disappear by this transformation. Results are shown in Fig. 2 . In these plots, the two signals are evident. The transformation of the field components from geodetic to geomagnetic coordinates affects the horizontal components significantly, and therefore their spectra. This assessment is even clearer in histograms in Figs. 3 and 4. These histograms are obtained by considering the number of observatories with significant peaks of the annual and semi-annual signals for each component. The histograms plotted are normalised by the total number of observatories. Figures 3 and 4 depict the histograms in the geodetic and geomagnetic reference frames, respectively. The transformation has clearly enhanced the peak occurrences in the Y component, where the Z component remains unchanged. Figure 5 shows the annual and semi-annual variations in the vertical downward field component in geomagnetic reference frame. The heterogeneous global distribution of the annual and semi-annual signals appears striking. We consider that the heterogeneous distribution of the annual and semi-annual signals in the vertical component is an expression of the conductivity of the lower mantle, as we discuss below.
Results and Discussion
Further, in North America and some large part of the Asian region, the semi-annual variation is predominant, while in Europe the annual variation is. The situation is less clear for the southern hemisphere, where we are lacking a good observatory distribution. The annual variation is mainly present in South America, and the semi-annual variation in the southern Indian Ocean and Australia. This regional preference of the annual and semi-annual variations for the vertical downward component gives a clue in correlating them with the electrical conductivity of the mantle.
In order to investigate the possible correlation between the observed spatial distribution of the semi-annual and annual peaks, we considered a given 1-D spherical integrated conductivity model of the mantle (1). This global model is derived by expanding the monthly values into spherical harmonics and using the spherical induction code by Tarits (1994) and Grammatika and Tarits (2002) . The semi-annual field and the annual field were modelled using a P 0 1 source field and a P 0 2 source field, respectively. By definition the energy of a source field of degree l and order m = 0 is
where q is the Gauss coefficient of the external field with degree l. Using a comparable source energy for both fields (q(1)/q(2) = √ 2), the vertical components at a geomagnetic colatitude (40 • ), representative for an European and an American observatory were obtained for a three layer model (Table 1, Tarits, 2004 priv. comm.) . Figure 6 shows the ratios of the vertical field component of semi-annual and annual signal for the three layers with respect to the integrated conductivity. We found the semi-annual field is larger than the annual field for a lower mantle more resistive than average (see red curve of Fig. 6 ). While a more conductive upper mantle than average leads to a larger annual field than the semi-annual (see blue curve of Fig. 6 ). This analysis suggests that the different distribution of annual and semiannual field values between Europe and North America to be the result of a enhanced mantle conductivity beneath Europe than beneath North America.
Conclusion
In this paper, we analysed monthly means provided by 154 magnetic observatories for the period 1960 to 2002 in order to highlight the annual and semi-annual variations. The mechanisms causing these variations are complicated and still an open issue. The semi-annual peak is clearly better detected in the horizontal components for the observatories situated in the equatorial region. This is related to Russell-McPherron effect (Russell and McPherron, 1973) . This figure shows the amplitude ratios of the vertical component of the semi-annual and annual signal with respect to integrated conductivity. The curves represents these ratios for the three layers given in Table 1 , red curve lower mantle, green curve mid mantle and blue curve the upper mantle.
due to the favourable geometry between the solar wind and magnetosphere. While this effect mainly explains periodicity in geomagnetic activity, it also affects the intensity of the ever-present ring current. For observatories in midand high-latitudes both peaks are well detected in horizontal components.
In this study we also showed the existence of a possible correlation of the annual variation in Europe and the semiannual variation in North America with the mantle conductivity of the two regions. Certainly, an analysis of these variations based on a decomposition of geomagnetic potential using spherical harmonics, as done by McLeod (1994) and Olsen (1999) will bring new insights into the mantle conductivity distribution at a global scale. Therefore a timedependent description of the internal and external field is needed and will be a topic for future study.
